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R437today’s retrotransposons probably 
existed long before there were 
well organised genomes, and that 
retrotransposons have played a major 
role, either directly or indirectly, in 
amplifying the DNA from which genes 
with more day-to-day functions have 
evolved. Retrotransposons are an 
integral part of the genome and may 
well turn out to be the main engine of 
genome evolution.
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Modern humans (Homo sapiens) last 
shared a common ancestor with two 
types of archaic hominins, Neandertals 
and Denisovans, roughly 800,000 
years ago, and the population leading 
to modern H. sapiens separated 
from that leading to Neandertals and 
Denisovans roughly 400,000 years 
ago [1–4]. Genome sequences for 
these two types of archaic hominins 
have been reported [1,2]. They 
were determined by sequencing 
ancient DNAs using techniques that 
generated many short sequence 
reads. Here, we analyzed individual 
sequence reads used to assemble the 
published Neandertal and Denisovan 
genomes for insertions of Human 
Endogenous Retrovirus K (HERV-K) 
DNA. Virus–host DNA junctions were 
identified that defined 14 proviruses 
where modern humans contain the 
corresponding, empty, preintegration 
site. Thus, HERV-K reinfected germ 
lineage cells of Neandertals and 
Denisovans multiple times, and these 
events occurred around the time of or 
subsequent to the divergence of the 
archaic hominin lineages from that 
leading to modern humans. One of the 
proviruses was shared by Neandertals 
and Denisovans, which is consistent 
with the hypothesis that these archaic 
humans shared a common ancestor 
more recently than they shared one 
with the lineage leading to modern 
humans.
Retroviral DNA — remnants of 
ancient retrovirus infections of 
germline cells — comprises 8% 
of the modern human genome. 
Only one retrovirus, the HML2 
subgroup of Human Endogenous 
Retrovirus K (HERV-K), reinfected the 
human lineage subsequent to the 
divergence from the lineage leading 
to chimpanzees (Pan troglodytes) 
and bonobos (Pan paniscus) [5–7] 
approximately 6 million years ago. 
To test the hypothesis that HERV-K 
was active in the Neandertal and 
Denisovan lineages, we searched 
Correspondences genomic sequences from them for the presence of virus–host DNA junctions.
Individual proviruses (integrated 
retroviral DNA including solo long 
terminal repeats, LTRs) can be defined 
and identified by their positions within 
a host genome. Junctions between 
retrovirus and host DNAs occur at 
the ends of the viral LTRs (Figure 1). 
Retrovirus DNA insertion occurs in a 
process that removes two base pairs 
(bp) from each end of the viral genome 
and duplicates a short segment of 
host DNA immediately flanking the 
covalently joined viral DNA, 5 or 6 bp 
in the case of HERV-K. Proviruses 
present at a precisely orthologous 
position in two genomes must have 
derived from a single integration 
event in a common ancestor, as the 
probability of two insertions at the 
exact same position (homoplasy) is 
small. Conversely, proviruses present 
at a site unique to one lineage likely 
formed after the lineages diverged. 
Alternatively, unique proviruses may 
have formed immediately before 
divergence followed by differential 
segregation of the provirus and empty 
site alleles in the subsequent lineages 
and might account for some fraction 
of proviruses unique to one lineage [8].
To search for virus–host junctions, 
the sequences from each end of HERV-
K (Figure 1) were used as queries in 
FASTA searches on individual DNA 
sequence reads previously obtained 
from Neandertal and Denisovan 
fossils [1,2]. To identify individual 
proviruses unambiguously, retrieved 
reads were required to have at least 
20 bp of human DNA immediately 
adjacent to an LTR (Figure 1). Most 
of the proviruses identified were also 
present in modern humans and thus 
formed in a common ancestor of all 
three lineages (Agoni et al., in prep). 
However, 14 Denisovan and three 
Neandertal virus–host junctions were 
identified (Figure 1) for which the 
modern human genome contained the 
corresponding empty site, including 
junctions from both ends of two 
proviruses (HERV-K-De2 and De3). 
Several of the junctions were identified 
in independent sequence reads 
(Supplemental information). These loci 
represent instances where modern 
humans contain the unambiguously 
ancestral alleles (the empty sites), 
while Neandertals or Denisovans 
carried newly derived alleles [9]. 
Further sequencing of the ancestral 
hominins could provide insights into 
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Figure 1. Sequences of HERV-K junctions in Neandertals and Denisovans.
(A) A provirus (red) inserted into a host genome (black). LTR sequences used as queries in 
searches are shown above the provirus. Positions of flanking duplications (black boxes) are 
shown as small black boxes adjacent to the LTRs. Sequence reads of virus-host junctions that 
were sought in the searches are shown below the provirus. (B) Individual Denisovan and Ne-
andertal sequence reads containing HERV-Ks. Archaic hominin sequences are shown in boxes 
with red background at the viral LTR sequences and black background around the flanking 
host genome DNA. Sequences of each corresponding empty, preintegration site in modern 
humans are shown beneath the junction fragments and demonstrate the discontinuities at 
the sites of viral insertion. When the junctions at both ends of a provirus were obtained, the 
tandemly duplicated flanking sequence could be discerned and is underlined. Some sequence 
reads were truncated to fit in the allotted space. Complete sequences of the fragments are pre-
sented in Supplemental information, along with identifiers for each, instances where multiple 
reads were identified for specific junctions, and details of the FASTA searches.the frequencies of the new provirus 
alleles and whether they approached 
fixation. The identified fragments were 
either not annotated in Neandertal/
Denisovan genome assemblies or 
were misassigned, thus emphasizing 
the challenges to identifying genomic 
rearrangements in ancient DNA 
sequence data.
Neandertals and Denisovans were 
proposed to have shared a common 
ancestor more recently than either 
shared one with modern humans [2]. 
Consistent with this, one provirus 
(HERV-K-Ne1 = HERV-K-De6) was 
detected in both Neandertals and 
Denisovans and not in modern 
humans (Figure 1), with opposite ends 
of the provirus being identified in 
the two archaic hominins. Likewise, 
the detection of proviruses unique 
to each of the Neandertal and 
Denisovan lineages is consistent 
with the evidence that the archaic 
hominin lineages subsequently 
diverged and remained distinct [2], 
although deeper sequencing might 
find that additional proviruses are 
shared. For two of the Denisovan 
proviruses (HERV-K-De2 and HERV-
K-De3), the virus-host junctions 
for both ends of the viral genome 
were identified. Thus, in total, 14 Neandertal and Denisovan proviruses 
were identified. It is likely that there 
are additional HERV-K insertions that 
were not detected because of the 
challenges to sequencing ancient 
DNA and the strict criteria used 
here to define proviruses. There are 
multiple possible explanations for 
why fewer Neandertal than Denisovan 
proviruses were detected. Ancient 
DNA sequencing methodology 
was improved for the Denisovan 
sequence, which was determined 
later, and its depth of genome 
coverage was higher [1,2]. It is also 
possible that the virus was more 
active in the Denisovan lineage. 
Additional sequencing of archaic 
hominin DNA would shed light on 
these issues.
The Neandertal and Denisovan 
HERV-Ks described here show that 
this retrovirus was infecting the 
germlines of these ancient humans 
at or subsequent to the time they 
diverged from the lineage leading 
to modern humans. Our results 
highlight the usefulness of DNA 
insertions as tools for tracing lineages, 
and emphasize the importance 
of identifying unique junctions for 
defining genomic rearrangements. 
Furthermore, they highlight the challenges to and importance of 
annotating structural variations 
such as insertions when assembling 
genomes from short DNA sequences. 
Lastly, they raise the speculative 
question of whether such retroviral 
insertions might have contributed to 
shaping the genomes of the different 
hominin species.
Supplemental Information
Supplemental Information includes 
experimental procedures and one figure 
and can be found with this article online at 
doi:10.1016/j.cub.2012.04.049.
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